The current paper discusses the petrographic image analysis performed on core specimens that are extracted from a tunnel in the south west of Iran. During tunnel excavation, damages were observed in the inner sections of concrete segments. Due to field observations of damaged segments, environmental parameters and tunnel location, several damage scenarios were proposed. In order to assess damage mechanisms, 69 cores were extracted and a number of standard tests were carried out. Since chemical attacks alter microscopic properties of materials, petrographic image analysis was performed on five of the specimens to evaluate possible microscopic changes in concrete composition.
Introduction
An essential characteristic of concrete is its durability, which determines the service life span of concrete structures [1] . However, numerous factors threaten concrete durability. Among these parameters, acidic attack plays an important role due to alkalinity of cement based materials and increasing sources of the acidic environment resulting from human activities [1] . A common form of chemical attacks in acidic environments is sulfate attack. Interaction of sulfate ions and cement paste matrix results in expansion and progressive loss of strength and mass [2, 3] .
Another phenomenon that affects concrete durability is alkali-silica reaction (ASR). The alkali-silica reaction initiates when aggregates containing active SiO 2 react with alkalis and form a hygroscopic and hydraulic gel . This gel will expand upon hydration and exert pressure which might lead to concrete damage and decreasing its durability [4] [5] [6] .
Petrographic examinations were first used by geologists to identify rocks based on their mineral composition. In the early of 20 th century, photographic techniques were used in construction materials to evaluate their components and deterioration mechanisms [7] . Petrographic image analysis is used in various applications like assessment of firedamaged concrete [8] , determination of alkali-silica reaction in aggregates of concrete pavement [9] , study of leaching of cement paste in concrete [10] , verification of materials formation in a reaction [11] and etc. Petrographic image analysis is widely used in evaluation of aggregate alkali reactivity [12] [13] [14] . However, there are limited studies that used petrographic examination to assess other damage mechanisms like sulfate attack as well [15] [16] [17] .
The tunnel which is assessed in this paper is located in the southwest of Iran. During tunnel excavation, concrete segments were severely damaged in some parts. Several damage scenarios were proposed to identify the source of the failure. Due to the high concentration of H 2 S gas and liquefaction of surface layers of concrete segments, sulfate attack (in the forms of TSA and sulfuric acid attack) was suggested. Furthermore, the contractor required to investigate the likelihood of harmful mechanisms like ASR. Therefore 69 core specimens were taken from tunnel segments and a variety of standard tests were performed. Location of the core specimens was schematically shown in Fig. 1 . As seen in Fig. 1 , 3 specimens were cored in every 500 m along the length of the tunnel. 5 samples were also taken in damaged area of the tunnel roof.
Mechanical properties of based concrete were shown in Table 1 . The compressive strengths of about 57% of specimens were found to be lower than specified compressive strength (35 MPa). Density measurement results were also shown based on compressive strength. Concrete resistivity tests results were more than 5 Kohm.cm. Therefore, the probability of rebar corrosion in these specimens was low. On the other hand, bulk absorption results showed that the tunnel concrete was susceptible to an aggressive ions attack.
Along these tests, five specimens were selected and petrographic test has been carried out similar to the RELIM AAR-1 method [18] . Although, the main application of the RELIM AAR-1 method is evaluating aggregate alkalireactivity on the basis of its composition [19] , as shown in this paper, it can be used to acquire additional information concerning possible chemical attacks which affect the microscopic structure of concrete.
Material and Method
As stated in pervious section, the petrography technique used in this study is based on similar procedure applied in the RELIM AAR-1 method. Five Specimens are studied in two phases. First two transversal and four longitudinal sections are taken from each specimen. These sections are studied by stereo microscope at 90x magnification to investigate the cement paste interaction with aggregates, voids, cracks and so on (see Figs 
Results and Discussion
The results of petrographic investigations are presented in these sections as follows:
Specimen 500R1
Close observation shows a slight amount of a white powder. This powder has been analysed with X-ray diffraction (XRD) method and results are presented in Table 2 . As shown in Table 2 , the white powder contains Calcium Sulfate. Stereo microscopic study reveals small holes in the specimen outer surface which are filled with the same Calcium Sulfate (Fig. 2) .
Two types of cracks are observed in the specimen. The first one is found on the surface of aggregates and is filled.
These "primary cracks" are inherent in aggregates and are not related to tunnel construction. "Secondary cracks" start from aggregates cores and continues towards the margin of aggregates and voids. Secondary cracks are mainly due to alkali reactions and result in cement weakening (Fig. 3) .
Aggregates are calcareous. The observed aggregates are divided in two groups: stones and crystals. 60%, 8%, 5% of stone aggregates are Lime dolomites, Dolomite stone and Chert respectively. Around 10% of aggregates are crystals which consist mainly of Calcite and a little Gypsum. Dark rims encircle the majority of aggregates. Also, a number of white rims are visible at the boundary of aggregates and cement paste. These rims indicate a possible aggregate reaction mechanism, which in this case could be the ASR.
Thin section investigation verifies Calcium Sulfate presence accompanied by Anhydrates. Also, it shows Chert minerals contain Microcrystalline and Kryptocrystaline Silica, which increase ASR potential (Fig. 4) .
Specimen 2500R1
Close observations show ferrous oxide and Calcium Sulfate in layers which are close to tunnel segments. Stereo microscopic studies show that specimen transverse sections are entirely filled with Calcium Sulfate. Aggregation dissolution traces are evident in these sections (Fig. 5) .
Aggregation composition is similar to specimen 500R. As shown in Fig. 6 , the same white and yellow rims are clearly seen. Fig. 7 shows the thin section study of specimen 2500R1. It reveals a yellow layer in the boundary of the majority of
aggregates. Also, it shows voids filled with Anhydrate crystals, which indicate chemical attack. The adhesion of cement paste and aggregates is weakened and carbonation is apparent around some of the aggregates.
Specimen 11500
Again, the white powder containing Calcium Sulfate is observed in outer sections which were exposed to tunnel environment. Ferrous oxide and corrosion are visible in aggregates. So the symptoms of a chemical attack are available in this specimen as well (Fig. 8 ).
As shown in Fig. 9 .a and 9.b, reaction rims (dark rims) and white rims (between aggregates and cement paste) are seen. In some cases, ferrous oxide and aggregate segregation are visible. Near to the end of specimens, these signs are less visible. Fig. 9 .c shows the carbonation phenomenon as a dark layer around the aggregates. Fig. 9d shows reactivity rim as a dark rim around the dolomitic aggregate. Fig. 11 shows the yellowish texture which is seen around voids, aggregates and cement paste matrix in areas that are attacked by invasive sulfate ions.
Aggregates consist of Dolomitic Limestone (40%), Siliceous Limestone (5%), Dolomite (10%), Chert (8%) and
Crystallines. Except for dolomite, the rest of these aggregates have high alkali-silica or carbonation potential. Weak aggregate-cement adhesion and acidic dissolution are observed, too. Calcium Carbonate surrounds some aggregates and carbonation rims are clearly seen in Fig. 12 .
Voids sizes are about 0.2 mm to 1.5 mm. A large number of voids are spherical. Anhydrite crystals grew in some of the voids which support "sulfate attack" scenario. Carbonation happened alongside of these voids. Secondary cracks spread in this specimen as well (Fig. 13 ).
Specimen 12500L
This specimen is not much affected by chemical attack. Slight corrosion and ferrous oxide are visible, but cement paste is strongly connected to aggregates. The aggregate composition is the same. Although secondary cracks are available, they didn't grow more than a few millimeters. However, polarized light microscopic investigation shows the evidence of an acidic attack in the form of yellowish layers and Anhydrate minerals inside of the voids.
Secondary cracks are available here too (Fig. 14) .
Specimen 14500R
As shown in Fig. 15 burnt-colored aggregate in the first 2.5 cm of specimen depth is a strong sign of acidic attack. 
Conclusion
A white powder containing Calcium Sulfate was observed in the specimens. Also, polarize microscope studies show Anhydrate and Calcium Sulfate presence in specimens voids. These minerals support a sulfate attack mechanism.
Burnt aggregates in specimen 14500, yellowish layer detected in specimens, dissolved aggregates and oxidation indicate that a sulfuric acid attack is likely. The mineralogy studies show that most of aggregates have high alkalisilica reactivity potential. Also, Dark reaction rims encircle about 30% of aggregates which support ASR mechanism. White rims surrounding some aggregates and calcium carbonate existence represent a carbonation mechanism. Secondary cracks available in the specimens display aggregates alkali reactivity potential as well.
Cement paste -aggregates adhesion is usually strong except in specimens which were widely attacked. Secondary cracks due to alkali reactions result in aggregate segregation from the cement matrix which intensify current situation. The results show that petrographic technique can provide additional information besides a typical ASR evaluation in chemical attack assessment. Therefore petrography image analysis, combining with other standard tests, provides a thorough understanding of member failure sources and mechanism due to aggressive chemical agents. 
